Endosomal transport is essential for cellular organization and compartmentalization and cell-cell communication. Sorting endosomes provide a crossroad for various trafficking pathways and determine recycling, secretion or degradation of proteins.
Introduction
Endocytosis is an essential process in the communication of the cell with its environment, controlling cell growth and regulating nutritional uptake. About 70-80% of endocytosed material is recycled back from sorting endosomes to the plasma membrane through a variety of pathways. Defects in recycling lead to a myriad of human diseases such as cancer, ARC (Arthrogryposis-renal dysfunctioncholestasis), BBS (Bardet-Biedl syndrome) or Alzheimer's disease [1] [2] [3] [4] [5] [6] [7] [8] . In spite of their importance, sorting into recycling endosomes and the interaction of recycling with sorting endosomes remain still poorly understood.
The identity of recycling endosomes is largely characterized by the presence of a specific Rab GTPase on the limiting membrane of the organelle. For example, Rab4 and Rab11 are present on different types of recycling endosomes directly targeted to the plasma membrane, while Rab9 is involved in recycling from the sorting endosome to the TGN and Rab10 has multiple reported roles in recycling from endosomes to the TGN or basal lateral membranes and exocytosis from the TGN 9, 10 . The different recycling pathways also highlight a robustness of the system, in that if one recycling pathway is impaired, alternative routes are still available. Yet, it also underscores the difficulty in studying these pathways because of their redundancy.
The number of recycling pathways is reduced in simpler eukaryotes such as yeast and C. elegans, making them prime systems to elucidate the basic mechanisms. C. elegans lacks clear homologues of Rab9 and Rab4. Yet, it is able to maintain complex organ structures like polarized intestinal epithelia cells, which
provide an excellent system to analyze recycling processes 11, 12 . In fact, the first recycling protein, RME-1, was discovered in C. elegans 13 . RME-1 and the homologous human EHD proteins were shown to have tubulation and vesiculation activities [14] [15] [16] . EHD1 interacts with Rab11 effectors Rab11FIP2 and Rab11FIP5 and is involved in Rab11-dependent recycling from tubular endosomal networks 17, 18 .
The formation of such tubular structures requires the action of BAR domain proteins, most prominently sorting nexins (SNXs). Indeed, SNX4 associates with Rab11 recycling endosomes 19, 20 . In addition, EHD1 interacts with rabenosyn-5 to form recycling compartments 21 .
Besides the coordination of recycling pathways, sorting endosomes have to cope with incoming material from the TGN through the biosynthetic route. This cargo has to be sorted into different domains presumably overlapping with the recycling pathways. Fusion of transport containers with endosomes is regulated by tethering factors and SNAREs. CORVET and HOPS tethering factors have been demonstrated to act on early endosomes and late endosomes, respectively 12, [22] [23] [24] [25] .
The yeast HOPS and CORVET complexes only differ in two subunits, which recognize Rab7/Ypt7 and Rab5/Vps21, respectively 22 . In metazoans, two of the shared HOPS/CORVET components are duplicated. Vps16 has a homolog, VIPAS39/SPE-39 and the Sec1/Munc18 (SM) protein Vps33 is present as Vps33A/VPS-33.1 and Vps33B/VPS-33.2 24 . Moreover, all eukaryotes contain another SM protein, VPS45, with a proposed function together with rabenosyn-5 in endosomal recycling 26 .
We had speculated recently that VIPAS39/SPE-39 might be part of two HOPS/CORVET types of complexes, one in conjunction with Vps33B/VPS-33.2 and one with VPS45, which we named CHEVI (class C Homologs in Endosome-Vesicle
Interaction) and FERARI (Factors for Endosome Recycling And Retromer
Interaction), respectively 27 . Here, we demonstrate the existence of FERARI in C.
elegans and mammalian cells. FERARI plays a key role in Rab11-dependent recycling from sorting endosomes to the plasma membrane. We propose a model in which FERARI supports kiss-and-stay of Rab11-positive structures on tubular sorting endosomes to aid the formation of recycling endosomes.
Results

FERARI is a conserved complex
We have recently postulated the existence of a FERARI tethering complex containing VIPAS39/SPE-39 and the SM protein VPS-45, which we named FERARI 27 . To test whether such a complex occurs, we co-expressed C. elegans GST-tagged SPE-39 and His-VPS-45 in E. coli. His-VPS-45 was co-purified with SPE-39-GST ( Fig. 1 A) . VPS-33.2, which together with SPE-39 is part of the CHEVI complex 27, 28 served as a positive control, while the HOPS specific VPS-33.1 was unable to bind to SPE-39. These data indicate that SPE-39 and VPS-45 can indeed directly interact. This interaction was confirmed by yeast-two-hybrid interaction and pulldown experiments (Fig. 1B, Fig. S1G ). Moreover, FERARI is conserved in mammalian cells, as VPS45 was pulled-down by VIPAS-39 ( Fig. 1C) . VPS45 has been shown to directly interact with rabenosyn-5/RABS-5 29, 30 . Therefore, we asked whether SPE-39 could bind RABS-5. Similar to VPS45, rabenosyn-5/RABS-5 interacted with VIPAS/SPE-39 ( Fig. 1B-E, Fig. S1A , E and G).
Based on the multisubunit structures of the HOPS and CORVET complexes, we speculated that the FERARI complex might contain more subunits (Fig. 1A) . To identify additional components, we incubated the bacterially expressed SPE-39/VPS-45 complex with worm lysate and performed mass spectrometry (Table S1 ). In a secondary screen, we performed yeast-two-hybrid assays and pull-downs from selected, streamlined candidates. This analysis revealed two new components of the FERARI complex: the Epsin-homology domain (EHD) containing protein RME-1 and UNC-44 ( Fig. 1F ).
UNC-44 contains ankyrin motifs and a death domain. While SPE-39
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longer exposure: death domain (Fig. 1F, Fig. S1C and D) . Both, RME-1 and UNC-44 are conserved in mammals. RME-1 is homologous to EHD1-4, and UNC-44 to ANK1-3. Since EHD1
has been shown to act at endosomes and EHD2 at the plasma membrane 31, 32 , we focused on EHD1. EHD1 co-precipitated and co-localized with rabenosyn-5 ( Fig.1H and Fig. S2A and B). Much less is known about ANK1-3. ANK1 co-precipitated with rabenosyn-5, but showed rather limited co-localization with rabenosyn-5, indicating that it might be a more dynamic subunit of the complex or the other ANKs could also take part in the complex ( Fig. 1G and Fig. S2A ). Indeed, ANK3 appears to be the ANK protein most highly expressed in HeLa cells (Fig. S2D ). Thus, a combination of biochemistry, co-immunoprecipitation and yeast-two-hybrid assays revealed the existence of a conserved FERARI tethering complex, consisting of VIPAS39/SPE-39, VPS45, rabenosyn-5/RABS-5, EHD1/RME-1 and ANK1/ANK3/UNC-44 with a proposed architecture illustrated in Fig. 1I , based on our own data (see also below) and on literature 17, 18, 21, 29, 30 .
Loss of FERARI affects endosomal recycling
VPS45, rabenosyn-5 and EHD1 have been implicated in recycling from sorting endosomes in mammalian cells 30, 32 . To test whether FERARI might be involved in recycling, we knocked out VIPAS39, VPS45 and rabenosyn-5 in HeLa cells using CRISPR-Cas9 (Fig. S2C ) and expressed GFP-Rab11 as a recycling marker in those cells ( Fig. 2A) . As ANK3 appeared to be the major ankyrin protein in HeLa cells (Fig.   S2D ), we knocked out ANK3 (Fig. S2C) . In FERARI knockout cells, Rab11-positive structures were enlarged when compared to control cells ( Fig. 2A and B) . We went back to our animal model to confirm and explore further the observed phenotype, and to investigate whether FERARI is organ-specific or functions ubiquitously. The 
Actin
C. elegans intestine is a tubular epithelium with a pair of juxtaposed cells forming a tube, the apical gut lumen (Fig. 2C) . This system provides an excellent system to study membrane traffic in the metazoa 12, [33] [34] [35] [36] .
We used C. elegans animals expressing GFP-RAB-11 and RFP-RAB-10, markers for apical and baso-lateral recycling compartments, respectively 37, 38 . In mock treated animals, RAB-11 was mostly localized at the apical cortex, while RAB-10 was present on more internals structures (Fig. 2D) . Similar to what we had observed in mammalian cells, loss of FERARI caused the enlargement of RAB-11-positive structures ( Fig. 2D and E), indicating that FERARI function is conserved.
However, not only apical recycling was perturbed as the tubular part of the RAB-10 compartment was largely extended, while the size of the granular RAB-10 structures remained unchanged ( Fig. 2D and E). Human transferrin receptor (hTfR) has been used as a cargo to study recycling in the C. elegans intestine 38 . Knockdown of FERARI led to a strong reduction of the hTfR signal in the gut, suggesting that it less efficiently sorted into recycling endosomes and therefore degraded in the lysosome (Fig. S3A) . We conclude that FERARI plays a role in both apical and baso-lateral recycling.
C. elegans oocytes provide another excellent model for endocytosis. Yolk is taken up by the maturing oocytes via receptor-mediated endocytosis. Recycling of the yolk receptor RME-2 is essential for efficient yolk uptake. Knock-down of FERARI reduced the level of yolk in oocytes ( Fig. S3B and C) . This reduction was due to impaired recycling of RME-2, which accumulated in internal structures (Fig.   S3D ). Thus, our data indicate that FERARI is involved in recycling to the plasma membrane in different tissues. (Fig. 3A) . While Rab11FIP5 was co-precipitated, Rab11FIP2 was not, indicating that Rab11FIP5 is the link between Rab11 and FERARI. We also confirmed that Rab11FIP5 indeed bound to Rab11 (Fig. 3B ). To corroborate that
Suppl. Figure 3
Rab11FIP5 was the RAB interaction module, we co-expressed VIPAS39 and RAB11
with or without Rab11FIP5 (Fig. 3C ). While VIPAS39 was barely detected in a RAB11-GFP pulldown, this interaction was substantially stronger in the presence of 
FERARI is present on and required for the maintenance of SNX-1 active recycling compartments
The sorting nexins SNX1 and SNX4 in mammals and the C. elegans homolog SNX-1 are present on the tubular part of sorting endosomes 42, 43 . Mild overexpression of Our data indicate that FERARI and SNX-1 should both be on sorting endosomes involved in recycling. To corroborate this notion, we analyzed the localization of RME-1 with respect to SNX-1 and found that RME-1 decorates SNX-1 tubules with discrete puncta (Fig. 5B and C, movie S5). This co-localization was dependent on other FERARI members. When we depleted SPE-39 or other FERARI components the association of RME-1 with internal structures was lost, while the plasma membrane pool appeared somewhat less disturbed (Fig. 5D ). This effect was not due to RME-1 degradation in the absence of FERARI (Fig. S5 ). Thus RME-1 Mander's Coefficient
GFP-RME-1 α tubulin depends on binding to the other FERARI components for recruitment to SNX-1 positive sorting endosomes.
Next, we explored the relationship between SNX-1 and FERARI further. SNX-1 interacted specifically with SPE-39 and RABS-5 in Y2H (Fig. 5E, Fig. S1 A, F and H). Likewise, knockdown of SNX-1 or its interacting partner RME-8 43, 44 resulted in enlarged RAB-11 positive compartments, indistinguishable from those formed upon loss of FERARI ( Fig. 5E and F compare to Fig. 2D and E). These data suggest that FERARI and SNX-1/RME-8 act in the same pathway (Fig. 1I ). More importantly, FERARI(RNAi) led to loss of the tubular SNX-1 structures (Fig. 5H ), indicating that FERARI is required for the maintenance of the SNX-1 recycling compartment, which feeds into the RAB-11 recycling pathway.
The SNAREs SYX-6 and SYX-7 act in the FERARI-dependent RAB-11 recycling Fig. 6A and B) . When we explored other SNAREs in the endosomal system, we identified SYX-6 as another potential FERARI SNARE, while VAMP-7 and VTI-1 appeared to have no direct function in RAB-11-dependent recycling (Fig 6A and B) .
Taken together, our results indicate that FERARI fulfills the formal requirements of a multi subunit complex tether in that it has a SNARE-and a Rab-interacting module, which could be sufficient to bring two membrane entities together to drive membrane fusion. 
RAB11-positive endosomes kiss-and-stay at sorting endosomes
But how would a tethering factor at the sorting endosome drive recycling endosome formation? FERARI is special with respect to the different functions it combines. Next to the classical tethering activities, it also contains EHD1/RME-1, which acts as a pinchase 14 . Thus, FERARI may promote membrane fission and fusion at the recycling compartment of sorting endosomes. If this was the case, we may be able to detect the arrival of a RAB-11-positive structure at the recycling compartment of the sorting endosome. We detected RAB-11 positive structures docking onto the SNX-1 positive sorting endosome ( Fig. 7A stills of the movies, movies S8-S10).
These RAB-11 positive structures are small with low fluorescence intensities (Fig.   7C ). The RAB-11 positive structures appear to stay at the SNX-1 positive sorting endosome during the duration of the movie. Yet, we also observed instances in which RAB-11 positive structures were docked on the sorting endosomes and were then released (Fig. 7B , movies S11-S13). Importantly, those RAB-11 endosomes appeared to bigger and brighter (Fig. 7C ). We take this as an indication that RAB-11 endosome picked up cargo and lipids at the sorting endosome for subsequent delivery at the plasma membrane, consistent with a kiss-and-stay mechanism.
Discussion
How sorting into recycling endosomes occurs at sorting endosomes still remains enigmatic. Here, we report the existence of a multisubunit tethering complex, FERARI, which plays a role in recycling to the apical and basal lateral domains of polarized cells in C. elegans and Rab11-dependent recycling in mammalian cells Unlike its relatives, HOPS and CORVET, FERARI tethers membranes of different identities. Another remarkable difference is that FERARI contains a dynamin-like protein EHD1/RME-1. This composition provides FERARI with two rather distinct and opposing activities: membrane fission and membrane fusion.
Based on our data, we propose the following model (Fig. 8B) . We assume EARP is another MTC located on RAB4-positive recycling endosomes 55 .
However, the function of EARP on the RAB4 recycling endosome remains elusive. It is conceivable that these tethers, EARP and FERARI, not only bring membranes together but are also required to build or maintain domains on which recycling endosomes can form. We observed that FERARI not only was involved in RAB11-dependent recycling but also early on in the formation/maintenance of the tubular structures on which sorting would occur. In the case of FERARI, we would postulate that rabenosyn-5 and the ANK proteins might be involved in such domain formation.
If this hypothesis is correct, we can expect that the number of tethering complexes on sorting endosomes will increase. In fact, there is at least one candidate for such an additional tether already and that is CHEVI 27 , which has been proposed to act in recycling as well as in a-granule formation, a process which requires TGN to MVB transport 28, 56 . So far only the two components, VPS33B and VIPAS39, of this putative MTC have been identified. Yet, given the localization of these proteins, it is likely that CHEVI acts on sorting endosomes. We propose that MTCs could play a role in the formation of domains required for sorting and docking on sorting endosomes but putatively also on other organelles.
Material and Methods
Worm husbandry
C. elegans was grown and crossed according to standard methods 57 . RNAi was performed as previously described 11 . All experiments were carried out at 20°C, and worms were imaged at the young adult stage (with only few eggs).
Worm strains and transgenes used in this study: bIs1[YP170::GFP + rol-
6(su1006)]X, pwIs116 [rme-2p::rme-2::GFP::rme-2 3'UTR + unc-119(+)], pwIs429[vha-6::mCherry-rab-7], pwIs72[vha6p::GFP::rab-5 + unc-119(+)], pwIs90[Pvha-6::hTfR-GFP; Cbr-unc-119(+)], pwIs50[lmp-1::GFP + Cb-unc-119(+)], pwIs414[Pvha-6::RFP::rab-10, Cbr-unc-119(+)], pwIs69[vha6p::GFP::rab-11 + unc-
119(+)], pwIs782[Pvha-6::mCherry::SNX-1], pwIs87[Pvha-6::GFP::rme-1; Cbr-unc-
119(+)], [Pdhs-3::dhs-3::GFP], pwIs481[Pvha-6::mans-GFP, Cbr-unc-119(+)].
Microscopy
Living worms were imaged as described 11 . Levamisole (50 mM) was used for immobilization and 2% agarose pads were cast onto microscopy slides; worms were sealed under cover slips using Vaseline. Images were acquired using a spinning disk Alternatively, an Olympus Fluoview FV3000 system with a high sensitivity-spectral detector (HSD) was used (PTM voltage= 500). The objective was 60x with silicone oil, and the Galvano scan device was used. Pixel size corresponds to 0.098 µm.
Sampling speed was 8.0 µs/pixel, zoom= 2.1, lasers 488 (GFP) or 561 (RFP, mCherry) were set at 4-10%. All images were processed in the same way for corresponding experiments.
Images of SNX-1 tubules with different GFP markers were obtained on a Zeiss LSM 880 microscope with Airyscan. The fast mode was used and images were processed using the Zen Black software. Worms were treated with 20 mM sodium azide to avoid any movement during image acquisition.
Compartment quantifications
The length of RAB-10 tubules was measured by applying a freehand line ROI in one z plane, for size of RAB-11 compartments the elliptical selection tool was used and the area in pixels was measured. Both methods might lead to an underestimate of the real sizes, because tubules and globular compartments were not measured in 3D
projections, but the differences between wild-type and mutant phenotypes were sufficiently large so that more complicated quantification methods were not essential.
In all cases, 6 different worms were analysed and 10 structures per worm were measured (in different z planes).
The size of RAB-10 globular compartments could be measured in a more automated way because they are very bright and sufficiently separated from each other (in contrast to RAB-11 where only the outlines of the enlarged compartments were visible and vesicles clustered together). Maximal z projections were carried out on the whole stack of pictures, yielding about 50-120 vesicles per worm (6 worms per condition were measured). Threshold was set and the pictures were transformed into binary images. The "close-" and "watershed" function was applied to get rid of single pixels and fused objects. Particles were analysed (size setting= 0-infinity and circularity= 0.5-1.0). Extremely large accumulations of objects that escaped the "watershed" function were manually excluded from the final analyses.
Interaction studies with worm proteins
C. elegans proteins SPE-39 and VPS-45 were expressed in E. coli Rosetta (DE3) cells. GST-tagged SPE-39 was obtained by cloning the worm cDNA into pETGEXCT vector, while His-tagged VPS-45 cDNA was cloned into pRSF-2 Ek/LIC vector. 500 ml E. coli cultures bearing both plasmids (grown in LB+amp+kan) were induced with 0.5 mM IPTG overnight at 37°C and collected in buffer with 50 mM HEPES pH 7.7, 300 mM NaCl, 10% glycerol and 1% TritonX 100 (with protease inhibitors) for purification. Cells were lysed with 1 mg/ml lysozyme, 20 µg/ml DNaseI and 2x 30 sec 
Western blot analysis
Cells were collected and lysed in lysis buffer (50mM Tris/HCl, 150 mM NaCl, 1% NP- Cross-Adsorbed Secondary Antibodies (Invitrogen; R37121) were used for immunofluorescence.
Immunostaining in mammalian cells
Cells were plated onto sterile 13 mm glass coverslips. Cells were fixed with 2% paraformaldehyde for 15 min, permeabilized (0.1% TritonX 100 in PBS) for 5 min and blocked with 2% BSA containing 5% goat serum in PBS for 1 h. Cover slips were incubated in Primary antibodies for 2 h and washed in PBS for 5x followed by 1 h incubation in fluorescently-tagged secondary antibodies. After secondary antibody incubation, cover slips were washed again 5x in PBS and mounted onto glass slides using Fluoromount-G (Southernbiotech;0100-01). Images were taken with an inverted Olympus FV1000 confocal microscope using a Plan Apochromat N 60x/1.40 silicon oil objective with z-stacks. Co-localization studies were performed using the ImageJ co-localization plugin JACoP.
Live cell imaging
For live imaging, cells were plated in 8 well chambered coverglass and media was replaced with warm imaging buffer (5 mM dextrose (D(+)-glucose, H2O, 1 mM CaCl2, 2.7 mM KCl, 0.5 mM MgCl2 in PBS) just before imaging. Images were taken at 37°C
on an inverted Axio Observer Zeiss microscope (Zeiss, Oberkochen Germany) using a Plan Apochromat N 63×/1.40 oil DIC M27 objective with a Photometrics Prime 95B
camera. Z-stack images were processed by using the OMERO client server web tool and Fiji.
Quantification of Rab11-positive endosomes
Segmentation and analysis were performed on manually chosen regions of interest (ROI) using a custom script for Fiji 59 as follows: 1) A 3D White Top-Hat filter 60 was applied to the original image in order to homogenize the background and used to compute 3D seeds 61 with subpixel accuracy. 2) Objects were segmented on the original image using an iterative threshold 62 and converted to labels. 3) Touching objects were then separated by a 3D watershed 63 using the previously identified seeds on the label image. 4) The resulting image was then added to the 3D ROI Manager 63 to exclude remaining laterally touching objects and finally perform intensity and size measurements per object. 1,500-2,500 Rab11-positive particles were analyzed from 45-60 cells for each condition. The script is available upon request.
DNA plasmid sourcing
Commercially available Plasmids were obtained from Addgene and Origene. 
RNA isolation, cDNA preparation and quantitative real-time PCR (qPCR)
Total RNA was collected from human cells by using RNeasy mini kit (QIAGEN_74104) according to the manufacturer's protocol. Afterwards, 1000 ng RNA was reverse transcribed into cDNA using cDNA Synthesis Kit GoScript™
Reverse Transcriptase and GoScript™ buffer mix oligo-dT (Promega_A2791) following the instructions given by the suppliers. 250 nM primers and three microliter of the cDNA product was then used for Quantitative real-time-PCR using GoTaq® qPCR Master Mix (Promega_A600A) supplemented with CXR Reference Dye (Promega_C541A) that was then analyzed using an StepOnePlus™ Real-Time PCR System PCR machine (Applied Biosystem). The relative levels of the target transcripts were determined using the human beta actin transcript as reference. because in the absence of recycling the degradative pathway is the only alternative available for hTfR-GFP which will lead to more degradation in these worms. the presence of an RME-1 constriction ring. After sorting of cargo, the pinching activity of RME-1 (maybe coupled to UNC-44 interaction with actin) will allow the RAB-11 compartment to leave the sorting station. Suppl. Figure 5 : Expression of RME-1 is unaffected by FERARI knock-downs
Figure legends
